Abstract: Growing scientific evidence for the indispensable role of environmental sustainability in sustainable development calls for appropriate frameworks and indicators for environmental sustainability assessment (ESA). In this paper, we operationalize and update the footprint-boundary ESA framework, with a particular focus on its methodological and application extensions to the national level. By using the latest datasets available, the planetary boundaries for carbon emissions, water use and land use are allocated to 28 selected countries in comparison to the corresponding environmental footprints. The environmental sustainability ratio (ESR)-an internationally comparable indicator representing the sustainability gap between contemporary anthropogenic interference and critical capacity thresholds-allows one to map the reserve or transgression of the nation-specific environmental boundaries. While the geographical distribution of the three ESRs varies across nations, in general, the worldwide unsustainability of carbon emissions is largely driven by economic development, while resource endowments play a more central role in explaining national performance on water and land use. The main value added of this paper is to provide concrete evidence of the usefulness of the proposed framework in
Environmental Footprints: Descriptive Pressure Indicators
To represent how much pressure humanity exerts on the Earth's ecosystems, an expanding list of environmental footprints has been introduced to the scientific community over recent years [12, 13] . Irrespective of the prevalence of footprint-style indicators, there remains a considerable amount of confusion and controversy regarding the concepts and methodologies [14] [15] [16] . A consequence is that there is, to our knowledge, not yet an explicit and agreed definition of footprints. To bring transparency to this issue, here we propose a general definition as follows: environmental footprints are tools that communicate human-driven pressure on the environment and, in some cases, the associated impacts. To our understanding, this is probably the common ground on which most, if not all, footprint studies depend crucially.
The ecological footprint [17] , the water footprint [18] , and the carbon footprint [19] have been subject to a wide range of scientific scrutiny. A striking overlap has been identified between the ecological and carbon footprints in terms of fossil carbon emissions. To avoid double counting, it is suggested to exclude the energy component from the ecological footprint accounting and to refer to the remainder as "land footprint" which accounts for the pressure associated with actual land use [20, 21] . Collectively, the carbon, water and land footprints are able to capture the complicated effects of human activities, including carbon emissions (climate change), water use and land use, on the Earth's system processes.
Planetary Boundaries: Critical Threshold Indicators
The planetary boundaries framework offers a set of quantitative capacity thresholds for vital Earth system processes based on recent scientific evidence [22] . Even though planetary boundaries were not designed to downscale to smaller scales [23] , there is an increasing demand for allocation to national and regional levels at which numerous environmental policies are formulated and executed with broad participation of stakeholders. This has triggered a growing interest in the development of approaches to detecting sustainability limits and to anticipating critical transitions at multiple scales [24] [25] [26] . Furthermore, based on recent understanding of the complexity of the Earth system functioning and resilience, Steffen et al. [23] have implemented updates of planetary boundaries, with a special focus on those that are spatially heterogeneous and show threshold behaviors at sub-global scales.
As one of the most widespread systems of threshold indicators, planetary boundaries present, for the first time, an up-to-date comprehensive estimate of critical values for nine Earth system processes at the global scale. A threshold-behavioral distinction has been made between "systemic processes" with explicit global thresholds, such as climate change, and "aggregated processes" without strong evidence of planetary-scale thresholds, such as water use and land use [22] . For systemic processes, in theory their planetary boundaries can be readily allocated to nations and regions through a top-down approach. The reality is, however, that the control variables used for all three systemic planetary boundaries (climate change, ocean acidification and stratospheric ozone depletion) are concentrations or intensity indices (such as 2 °C) that do not allow for yielding remaining budgets and for dividing into country-specific shares. To overcome this issue, all such threshold values must be translated into quantities of flow characters, such as Gt/year of carbon dioxide (CO2).
Things get more complicated when it comes to aggregated processes, for which no top-down approach is applicable, because a truly global threshold behavior hardly exists unless boundaries at a local or regional level have been repeatedly transgressed for large parts of the world [22, 27] . More specifically, the environmental boundaries for water and land use are essentially dependent on the local availability and scarcity of freshwater and land and thus vary over space, while the planetary carbon boundary potentially can be applied to any specific region, regardless of location. All this points to a key methodological limitation of the present planetary boundaries framework: It is inherently incapable of downscaling environmental boundaries from the planetary level to smaller levels because of the inappropriate control variables and the omission of sub-global dynamics that are critical to both regional and global sustainability.
The Need for Integrating Footprints and Boundaries into ESA
In summary, environmental footprints and planetary boundaries fall into the categories of descriptive pressure indicators and critical threshold indicators, respectively. Biophysical elements underlying the two have the potential to constitute an evolving representation of ESA, where a distinction between "sustainable" and "unsustainable" activities is made by showing to what extent a planetary or regional environmental boundary has been approached or exceeded by the corresponding footprint [20] . This is accompanied by the recognition that planetary boundaries for both systemic and aggregated processes are necessary to allocate to a national or regional level in support of decision making [11] .
In this paper, we first introduce an integrated framework that makes complementary use of environmental footprints and planetary boundaries originating from two isolated research fields. We then apply this framework to a comparative analysis of national-scale environmental sustainability by measuring and integrating three pairs of footprints and boundaries, and finally offer a picture of the overall environmental performance of different countries. The purpose of our analysis is to provide novel insights into the development of a robust methodology for ESA (Section 2), and to present available knowledge on the environmental sustainability of 28 nations in a coherent way with respect to carbon emissions, water use and land use (Section 3). Section 4 comprises discussions on the contribution of selected variables to national performance, the consistency with other estimates, and the policy relevance of a weighted index to trade-offs issues. Conclusions and some final remarks are drawn in Section 5.
Methods

A Footprint-Boundary ESA (F-B ESA) Framework
Having recognized the benefits of integrating footprints and boundaries for ESA, Fang et al. [11] establish a footprint-boundary ESA (F-B ESA) framework for the joint use of a set of footprint and boundary metrics in a systematic way. It comprises the definitions of ecological footprints and planetary boundaries, the development of the concepts of sustainability gap, policy gap and implementation gap, and a technical discussion of the measurement of regional and local environmental footprints and boundaries and of the trade-offs between different sustainability gaps.
The logic is to identify some crucial environmental issues, select suitable footprint indicators for each of them, demonstrate at which level the environmental boundaries are most likely to exist, determine the appropriate methods for quantifying relevant boundary indicators, and finally account for the resulting sustainability gaps. To ensure the consistency and reliability of the F-B ESA framework, it is argued that the footprint and boundary metrics should be measured in such a way that they match well with each other.
The F-B ESA framework challenges, for the first time, the isolation of the two research communities and opens the door to collaborative research in defining and assessing environmental sustainability at multiple scales. Its primary purpose is to inform policy makers on the sustainability gap between current environmental conditions and critical capacity thresholds, indicating whether or not human activities have fallen into an unsustainable state that may result in undesirable environmental changes, with detrimental or even disastrous consequences for the population of a region or the world. By use of the F-B ESA framework, environmental sustainability and unsustainability can be explicitly defined and distinguished from a footprint-boundary perspective:
• Environmental sustainability: A safe state in which the footprint of human activities placed on the environment is kept within boundary of capacity.
• Environmental unsustainability: An unsafe state in which the footprint of human activities placed on the environment exceeds boundary of capacity.
Selecting Key Environmental Footprints for Cross-National Analysis
In view of the ever-expanding list of environmental footprints, we have to restrict our analysis to some key footprints that have proved useful in measuring human pressure on the environment. We have therefore made a selection of footprints with a focus on their scientific robustness, documentation, and applicability. Our selection contains the carbon footprint, the water footprint (consisting of the green and blue water footprints) and the land footprint for the following reasons: (1) the three footprints are sufficiently mature to support policy makers and the public in accounting for the appropriation of natural capital in terms of carbon emissions, water use and land use [20] , in particular for cross-national analysis that will be undertaken in the remainder of this paper; (2) in the inventory stage, no obvious overlap has been observed among the three footprints, which allows one to avoid counting the same resources or emissions in duplicate [20] ; (3) of the aggregated processes, water use and land use are identified as the only two which are likely to show threshold behaviors suited for measurement on a nation-specific basis [24] ; and (4) the reason not to include grey water is that its data presently available are related to nitrogen loads, which mostly contribute to groundwater pollution and therefore ought to be compared with the waste assimilative capacity of groundwater [28] , for which the data at the national level are not easily obtainable.
Data Sources
We conduct an analysis on the latest datasets available. All data relate to nation-specific carbon, water and land footprints. In the absence of better datasets for the same year, we tentatively assemble these data with the assumption that they are sufficiently comparable. Given data availability, 
Allocating Selected Planetary Boundaries to Nations
In accordance with the footprints chosen, three planetary boundaries (carbon, water and land) are supposed to be reconceived in a way that allows for allocating to the national level and for consistency and commensurability with the footprint metric. Clearly the top-down process applies to the downscaling of planetary carbon boundary. For the planetary boundaries for water and land, a different approach is taken due to the geographical heterogeneity of these natural resources. Thus, in the following, we address the two categories of environmental boundaries separately.
Downscaling Planetary Carbon Boundary on a Per Capita Basis
It is perceived as a consensus that human-induced carbon emissions contribute to global warming and climate change no matter where emissions take place [30] . The global nature of planetary carbon boundary allows us to allocate quotas of emission permits using a top-down approach. Technically, partitioning the "cake" can be fulfilled in a number of ways, based on the criterion of population size, economic output, territorial area, or historical responsibility. Each of these has relative merits and demerits, and because of this, we consider it as a normative or political issue more than a scientific issue [11] . Nevertheless, in this paper, national population is selected as the basis for allocating planetary carbon boundary to country-specific shares, for reasons of simplicity and comparability with the national water boundary and land boundary which will be evaluated on a per capita basis as well but with different methods.
It should be noted that considerations of fairness and equity are not fully accounted for in this case, as the carbon boundary is built on a scientific and political consensus reached by the global community that from now on every human being ought to be equally responsible for the reduction in carbon emissions in order to limit global warming to 2 °C above the preindustrial level [30, 36] . That is also the premise of the planetary carbon boundary set by Rockström et al. [22] . This corresponds to a maximum of 18-25 Gt CO2-eq./year for annual carbon emissions by 2050, where non-carbon greenhouse gas (GHG) emissions have been translated into carbon emissions by using global warming potentials [12, 32] . With the global population of 6.8 billion in 2009 [31] , we adopt the mean value of 3.1 t CO2-eq./year for both planetary and national carbon boundaries per capita.
Quantifying National Water and Land Boundaries on a Resource Availability Basis
The distribution of worldwide water and land resources is geographically heterogeneous, with implications for local or regional environment in most cases. This calls for the need to take spatial variations in resource scarcity into account [37, 38] . In theory, nation-specific environmental boundaries for resource use can be quantified either through the aggregation of local or regional scarcity thresholds, if present, or through the overall estimate of resource availability within the national borders. The first approach, which likely leads to more accurate results, is constrained by the lack of data on local resource depletion with evidence of threshold behavior and of knowledge on the cumulative effects of multiple regions (i.e., it is unclear whether the national environmental boundary simply amounts to the sum, maximum or minimum of regional environmental boundaries). By contrast, the second approach under current conditions has been found preferable to measure national water and land boundaries [24] .
It has been demonstrated that 90% of the green water availability throughout the world is required to maintain the operation of critical ecosystem services irrespective of human actions [39, 40] , and that a reference value for the green water availability is not yet available [12] . All this allows the blue water availability to be an approximation to the national water boundary, defined as annually renewable water supply minus environmental flow requirements for ecological health within the border of a country [41] . Consideration of these environmental flows is necessary to avoid disastrous impacts associated with water scarcity [42] . Following Rockström et al. [22] who proceeded with planetary water boundary on the explicit understanding that undesirable or even disastrous consequences may trigger if the ratio of water withdrawal to the renewable supply surpasses 40%, this paper defines the water boundary for a country as 40% of the total renewable water resources-the sum of the internal and external water resources of that country. Data for the renewable water resources of individual countries are obtained from the Food and Agriculture Organization's (FAO) database AQUASTAT [34] . In theory, the sum of the water boundaries (not per capita) for all nations should be equal to the total PB (not per capita). However, there are some reasons that explain why the two numbers would not be identical, such as the variation in data sources, and the double counting of the external water resources in both the upstream country and downstream country.
In the original version of the planetary boundaries framework, land boundary was assessed by the criterion that a maximum of 15% of Earth surface is allowed to convert to cropland [22] . This brings the risk of underestimating the role of crop production in human survival. In practice, converting land for farming would, on the contrary, promote a great deal of welfare and therefore deserving of positive evaluation [43] . In the updated version the control variable for land boundary has altered to be the percentage of the forest land area, with a minimum threshold of 75% [23] . But this remains the limitation of incompleteness. To overcome this concern, we adopt biocapacity, an aggregate indicator that measures the critical thresholds for biologically productive land use [4] , as a proxy of national land boundaries that are needed to reach self-sufficiency. In contrast to Rockström et al.'s contention, the biocapacity assumes that the most suitable land available will be planted to cropland, and that the second, third, fourth and last choices are forest land, grassland, fishing ground, and built-up land, respectively [44] . Data for the revised national land boundary per capita are derived from [35] .
Measuring the Sustainability Gap: Two Alternative Indicators
As yet, neither the footprint metric nor the boundary metric is able to capture both sides of the sustainability issues; therefore, they should rather be used complementarily to allow for quantitative estimates of the extent to which human pressure on the environment has approached or exceeded the critical capacity thresholds. This leads to the concept of sustainability gap, which aims at providing policy makers with a practical measure of anthropogenic interference with the planet's environment. In principle, a sustainability gap can be measured in two alternative ways, either by subtracting the footprint metric from the respective boundary metric, or by dividing the footprint metric by the respective boundary metric. We elaborate on these in the following subsections. Before that, we define the following symbols:
• Fi,j is the converted footprint for environmental issue i for country j.
• Bi,j is the converted boundary for environmental issue i for country j.
where the index i runs over carbon, water and land, and the index j runs over the 28 nations. Because all indicators are measured on an annual basis, the symbols F and B are expressed in the units of kg CO2-eq./year for carbon, m 3 /year for water, and ha/year for land.
Environmental Sustainability Distance (ESD)
The environmental sustainability distance (ESD) refers to the difference between a footprint and the relevant boundary:
In cases where > 0, the footprint metric exceeds the corresponding boundary metric and leads to environmental unsustainability, and vice versa.
Environmental Sustainability Ratio (ESR)
The environmental sustainability ratio (ESR) refers to the ratio of a footprint to the relevant boundary:
In cases where ESRi > 1, the footprint metric exceeds the corresponding boundary metric and leads to environmental unsustainability, and vice versa.
The Comparative Advantage of ESRs over ESDs in a Cross-National Context
In principle, both ESDs and ESRs that depict how far countries are from their individual environmental boundaries are adequate for representing the magnitude of the (un)sustainability of a single or multiple environmental issue. As a result, there is no need to make use of them at the same time. The difference between ESDs and ESRs is the way of representing sustainability gaps in absolute terms of the former and in relative terms of the latter. An ESR that serves as a dimensionless indicator suffices to provide comparable values for human pressure not only across regions but also across environmental issues, rather than having to convert disparate values into a single unit, as is the case for an ESD. This comparative advantage enables a better performance of ESRs, especially in a cross-national context. We, therefore, choose to utilize ESRs for the following analysis.
Production-Based versus Consumption-Based ESR
In defining an ESR, the terms in the quotient are made up by the footprint and the boundary. For environmental footprints, a distinction has already been made between production-based and consumption-based footprints [45, 46] . Following this logic, we can contrast production-based ESRs and consumption-based ESRs. Both viewpoints are legitimate and have a policy value. A production-based ESR refers to the degree of environmental unsustainability due to activities within the border of a country. A consumption-based ESR ignores the activities for exported products, but, on the other hand, includes the activities that take place abroad and that are associated with products imported by the region of concern. ESA and the ESRs, therefore, depend on the definition and the perspective.
Results
To be consistent across our analysis, the same coloring system is employed to graph the ESRs for all the three environmental issues, namely carbon emissions (climate change), water use, and land use. Further, we choose to display the log(ESR) instead of an ESR, to ensure that a ratio of 2/1 and a ratio of 1/2 are treated equivalently, for instance. We consider this to be superior to data-dependent normalization depending exclusively on what are included in the sample. Countries with environmental sustainability (ESR < 1 or log(ESR) < 0) are shown in green colors, and countries with environmental unsustainability (ESR > 1 or log(ESR) > 0) are shown in red colors. ESR = 1 or log(ESR) = 0 is the magical value. However, one cannot claim to be so precise. For this reason, we define the log(ESR) between −0.25 and 0.25 to be the risky intervals, which corresponds to an ESR between 0.56 and 1.78. While an ESR bounded by less than 0.56 might not be the sufficient conditions for environmental sustainability, we believe that it is a prerequisite for that. In the following, we examine the ESRs for the 28 nations in terms of carbon emissions, water use and land use, respectively.
The Environmental Sustainability of National Carbon Emissions
In the case of carbon emissions, the global ESR is estimated at 2.42, indicating that the human economy emits nearly 2.5 times the permissible GHGs, beyond which global warming by 2050 is very likely to cross the 2 °C target. This estimate highlights the worldwide unsustainability of the Earth's climate system arising from immoderate carbon emissions. Figure 1 presents a "heat map" of national-scale environmental sustainability associated with carbon emissions. India is the only country operating within the carbon boundary, with an ESR of 0.54. The three countries falling in the risky intervals between sustainability and unsustainability are Indonesia, Brazil and China, with an ESR of 0.72, 1.24 and 1.31, respectively. The rest of the countries go beyond the stable environmental state, of which the ESRs vary considerably, ranging from 1.79 for Turkey to 8.62 for USA. Twenty-two nations have ESRs higher than the global value, and this is perhaps partly due to the fact that many of the countries investigated here are developed countries which tend to rely more heavily on carbon-intensive goods and services.
As a genuine "natural availability" is lacking and is replaced by a per capita share of the planetary carbon boundary, there are several large countries that already exceed this share by far, such as USA and China. While the USA has been replaced by China as the largest carbon emitter in the world [47] , our analysis demonstrates that its ESR exceeds 5.5 times that of China and thus remains the primary contributor to the unsustainability of the global climate system. This discrepancy partially results from the difference between production-based accounting and consumption-based accounting-two competing approaches that have been in conflict to some extent. Moreover, the advances in carbon boundary accounting in this study offers a way to bridge the science-policy interface, as it encompasses scientific and political consensus on tipping points for sustainability under global climate change. 
The Environmental Sustainability of National Water Use
Unlike carbon emissions, we benchmark the national water footprint against the national water availability within the political boundary, rather than comparing national performance on a global base which is only applicable to systemic processes. As such, the method used is specifically constructed to yield a conservative estimate of the ESRs of some countries. Consequently, another 11 countries are found to fall into the risky intervals, with ESRs ranging from 0.57 for USA to 1.66 for Poland. We attribute the "unsustainable" label to five nations, among which Denmark has the highest ESR of 3.07, followed by South Africa (2.87), South Korea (2.46), Spain (2.23), and Belgium (2.05). The water ESR is 0.48 on average in the world. Lower-than-average ESRs are found in 11 countries, ranging from 0.04 for Norway to 0.43 for Switzerland, as shown in Figure 2 . They are, in fact, those having ESRs less than the lower limit of the risky intervals as well and therefore can be classified as sustainable nations. The remaining one which is also sustainable is The Netherlands, whose internal water resources account for only 12% and the external account for the remainder of 88%.
While the distribution of the national water ESRs is in general agreement with monthly water scarcity in the world's river basins monitored by Hoekstra et al. [41] , one should be aware that non-transgression of national water boundary does not necessarily mean environmental sustainability locally and regionally. For instance, though Australia has an ESR of 0.24 merely, large parts of eastern Australia suffer from severe water scarcity due to the disproportionate withdrawal of water resources compared to availability [41] . However, we are convinced that the ESA of water use at the national scale still makes sense, because, so far, most studies are limited to the basin-level at which little information could be provided on nation-wide water management policy. However, a technical challenge remains in the approximation of the "40% rule", as it fails to capture the spatial variations in the thresholds for water withdrawal within individual nations; this is, nevertheless, a general shortcoming in present methods for defining national water boundaries [48] . Figure 3 describes which countries approach the individual national land boundaries, and which already overstep. At the global scale, the land ESR is estimated to be 0.67, suggesting that human demand for food, fiber and timber products has been operating in a risky situation in which the regenerative capacity of land supply becomes a limiting factor for sustainable land use. In keeping with this assessment, similar risky situations can be witnessed in 17 countries, accounting for 61% of the countries investigated. Seven countries are able to maintain the maximum capacity within their national land boundaries. Of the seven, Finland and Canada have the lowest ESRs, with a value of 0.15 and 0.18, respectively. The rest of the 28 countries constitute the top-four list, whose land requirements for self-sufficiency under current bioproductivity are much higher than the available resources, with notable ESRs ranging from 2.29 for South Korea to 2.77 for The Netherlands. As a whole, the geographical distribution of national ESRs for land use follows a pattern somewhat similar to that for water use. Likewise, the driving forces behind unsustainable land use are complex, including not only the mismatch between region-specific population and land supply, which leads to environmental consequences local-to-regional in scale and which in aggregate may be of national significance, but also the displacement of land use to other countries through international trade [49, 50] . In this sense, the land footprint and boundary measured in this paper are informative for policy makers who seek to evaluate national performance on land use in a comparative sense. This valuable information is likely to get lost if replaced by the simplistic metrics representing the percentage of land use converted to cropland, as is done by Rockström et al. [22] , or the percentage of forest land area, as is done by Steffen et al. [23] .
The Environmental Sustainability of National Land Use
Discussion
The analysis carried out provides a preliminary integrated assessment of environmental sustainability for 28 countries. Our findings highlight the national-level heterogeneity of both anthropogenic interference and capacity thresholds for carbon emissions, water use and land use. Although the determinants of the sustainability gaps associated with the three environmental issues are definitely complex and may vary across countries, we argue that the complementary distribution of nations between emissions and resource use (water and land use) presented in this study can offer important information to policy makers. To that end, a correlation analysis is undertaken by a regression of log-transformed data to measure the strength of potential linear relationship between the ESR and three variables: (a) Gross Domestic Product (GDP) per capita; (b) renewable water resources (RWRs) per capita; and (c) population density (PD), as will be illustrated below.
As seen in Figure 4a , very few countries have already achieved a decoupling of economy from carbon emissions, as evident from the highly significant positive correlation between GDP per capita and the carbon ESR (R = 0.6157), while the latter is not as strong as commonly thought. One reason for that might be the salient differences across land types and nations in bioproductivity-the key parameter for determining the land footprint and land boundary.
The correlation coefficient between each pair of the explanatory variables indicates that, for the 28 countries on average, approximately 86% of the variation in the log(ESR) of carbon emissions can be explained by log(GDP/capita). This is quite different from the cases of water use and land use, where between 53% and 96% of the variation can be explained by log(RWRs/capita) or log(PD). We further test the three variables together in a multiple regression (Table 2) , and see that all the three ESRs are explained very well by the three variables. GDP is a major driving factor for the carbon ESR, but not for that of water and land. For water, the RWRs are highly significant, and for land, the interplay turns out to be more complicated and there is no clear driving factor. In summary, the unsustainability of carbon emissions is largely driven by the stage of economic development on which a nation finds itself, while resource endowments play a more important role in the degree of unsustainable water and land use (PD can be seen as the inverse of per capita land resources). These findings confirm the fundamental distinction between the systemic and aggregated processes. In addition, Figure 5 shows that the global ESR values for the three environmental issues agree well with other estimates of the ratios of pressures to thresholds in the literature, supporting the conclusions of earlier studies on the transgression of planetary carbon boundary and on the reserve of planetary water and land boundaries. Nevertheless, a major divergence is encountered in the case of carbon emissions, where the planetary carbon boundary is measured based either on joint use of two control variables-atmospheric CO2 concentration and radiative forcing-not allowing to downscale, as is done by Rockström et al. [22] , or on an integrated alternative-CO2-equivalent emissions-a mass-based indicator that is more inclusive and expressed in the same unit of the carbon footprint, as is done by Hoekstra et al. [12] and by our study. As such, it is our conviction that the F-B ESA framework allows one to improve the performance of the planetary boundaries accounting on integrity, transparency and, more importantly, the harmonization with footprint indicators. Another prominent merit of the F-B ESA framework is its capacity to outline the methodology for assessing trade-off issues, such as one country and another that generates a lower carbon footprint but a higher water footprint. One solution is not only to benchmark each national environmental footprint against the respective environmental boundary in commensurable units but also to aggregate different sustainability gaps between them into a composite index through weighting factors. The rationale behind this is that weighting the footprint and boundary metrics simultaneously enables a more meaningful evaluation of trade-offs than weighting either footprints or boundaries on their own, in particular when policy makers are in great need of a quantitative comparison of the overall performance of nations on environmental sustainability [11] .
To illustrate the idea of weighting without pretending to give a conclusive answer, for each single country, we purposely bring together the three ESRs into an ESR index (ESRI) with an assigned weighting factor of 1/3. All resulting ESRI scores for the 28 countries are presented in ascending order ( Figure 6 ). Specifying an ESRI of 1 as the threshold value for national-scale overall environmental sustainability, we find that only Brazil and Indonesia maneuver within their individual safe operating space, and that the other 26 countries are in the state of environmental unsustainability, with ESRIs ranging from 1.08 for India to 3.63 for Belgium. By carrying out a multiple regression of log(ESRI) on log(GDP), log(RWRs) and log(PD) ( Table 3) , we find that the ESRI is explained quite well by GDP and the RWRs, but that the PD is not helpful in explaining the weighted ESRI according to 95-percentile confidence intervals. As a whole, the ranking of countries reflects the overall performance of national-scale environmental sustainability influenced by multi-factors, thereby justifying the use of the ESRI in providing a policy-oriented solution to trade-off issues. Table 3 . Multiple regression of log(ESRI) on three log-transformed variables. See Table 2 for an explanation of the symbols. As is the case for all weighting practices, equal weighting that assumes equal importance of the carbon, water and land ESRs in our case has been steeped in controversy [51] . That is to say, it would be preferred if the final results are presented at both aggregate and disaggregate levels. Other weighting schemes may easily be implemented, if desired, to investigate the sensitivity of final results to weighting factors. For instance, Tuomisto et al. [52] define weighting factors for the aggregation of diverse local-specific environmental issues in a way similar to the calculation of the global ESRs calculated here, so that one can weigh the seriousness of different issues at the global level. As an aside, from a broader point of view, the ESRs that describe the gap between the footprint and boundary metrics can be understood as a measure of environmental impacts. In this sense, weighting and aggregating ESRs into a single-value ESRI would facilitate the ongoing development of integrated environmental impact assessment-a topic that remains a priority for future endeavors [53] .
Conclusions
It has been increasingly acknowledged that environmental sustainability serves as a critical prerequisite for the economic and social pillars of sustainable development. Environmental sustainability analysis, therefore, deserves priority in sustainability science [54] . This paper develops ways to allocate planetary boundaries to the national scale and to benchmark against environmental footprints, with the intention of bridging the disciplinary gap and, more importantly, of making use of the synergies for ESA. By means of the F-B ESA framework, we are able to uncover the sustainability gaps of carbon emissions, water use and land use for 28 countries and the whole world. The well accordance with previous studies at the global scale allows our study to be as a whole reliable and reproducible. By examining the correlation between the resulting ESRs and selected explanatory variables, we also discuss certain possible driving factors for unsustainable resource use patterns. Furthermore, seeking to meet the rising policy demand for an overall picture of the environmental sustainability of nations, a weighted composite index for ESRs (i.e., ESRI) is launched for snapshotting and ranking nations' overall performance on the three environmental issues investigated.
The main value added of the paper is to provide concrete evidence of how the F-B ESA framework makes it possible to allocate global responsibility for environmental sustainability to individual countries where environmental policy initiatives massively take place. It is not difficult to expect application extensions to sub-national scales, such as regions, cities, and organizations, on which environmental issues are dealt with even more often. A key difficulty concerns the disparate scaling effects of the systemic processes and the aggregated processes. For carbon emissions, for instance, the unambiguous global nature enables the carbon boundary to be one of the few planetary boundaries that can be downscaled to the national level through top-down approaches that seem to be a normative or political issue more than a scientific issue. Conversely, water and land boundaries are in many cases a sub-national problem, for which reliable local assessments could only be fulfilled by the access to high-resolution data for local-scale resource availability. The real challenges are therefore a mix of downscaling and upscaling, as well as a convergence of scientific and political considerations.
Admittedly, we realize that the analysis presented is limited in the capacity to capture the full complexity of sustainability, as proved by the crude data gathering, the exclusion of many environmental issues by design, and the orientation towards macro-or meso-level that hampers the allocation of overall responsibility to a single process or product at the micro-level [55] . A further critical point is that, although benchmarking the green and blue water footprints against the blue water availability creates a solution to the overly optimistic estimate of planetary water boundary [56, 57] , this comparison is flawed in the sense that the scopes of the water footprint and boundary metrics are not identical. There is another type of inconsistency that should be resolved in the follow-up work, as exemplified between carbon emissions and water and land use. To improve the comparability of studies that define environmental sustainability from authors' point of view, further work needs to specify the precise realms of application of the production-based and consumption-based ESRs. But regardless of the choice, it is preferable to define the footprint and boundary metrics along the same principle, so that both numerator and denominator are either production-based or consumption-based. In addition, the investigation of the driving forces behind sustainability gaps is far from an exhaustive factorial analysis, even though it manages to provide an interesting basis for discussion on the importance and complexity of economic, natural and demographic factors for understanding national performance on environmental sustainability. Besides, the use of equal weighting is debatable with high uncertainty in the final estimate. This, however, is due to the recognition that trade-offs between sustainability gaps, in many cases, cannot be tackled without any form of weighting. Anyhow, in response to all these challenges that have to be confronted in implementing and developing the F-B ESA framework, we call for multidisciplinary and interdisciplinary collaboration between the fields of environmental footprints and planetary boundaries.
